Three major conformations of H 2 S-benzene dimer have been located with a variety of density functional theories (DFT) and MP2. In line with experiment, MP2 results indicate that the tilted C s -symmetry structure is a stable dimer, yet a C 2v -symmetry structure is only a second-order saddle point. All of the tested DFT methods considerably underestimate binding energies as compared with CCSD(T) results. However, PW91LYP
Abstract:
Three major conformations of H 2 S-benzene dimer have been located with a variety of density functional theories (DFT) and MP2. In line with experiment, MP2 results indicate that the tilted C s -symmetry structure is a stable dimer, yet a C 2v -symmetry structure is only a second-order saddle point. All of the tested DFT methods considerably underestimate binding energies as compared with CCSD(T) results. However, PW91LYP
and MPWB1K reproduce the MP2 sequence of binding strength for the dimers, and provide the best binding energies among the tested DFT methods. The method of increment was shown to be a promising tool to treat electron correlation for extended S-H···π systems.
Introduction:
Because of the high sensitivity of naked single-walled carbon nanotubes (SWCNTs) and the high selectivity of polymer-coated SWCNTs to gaseous molecules such as O 2 , NH 3 , NO 2 , etc., SWCNT-based chemical sensors, as a new generation of promising sensor at room temperature, are gaining considerable interest from both theory and experiment [1, 2] . Many natural resources including petroleum, natural gas, and coal mines contain or generate hydrogen sulphide (H 2 S), and H 2 S can cause serious effects on the nervous system at low concentrations and even may be fatal at high concentrations.
Thus, in situ monitoring of H 2 S in technologies related to extraction or processing of these materials is also of great importance. However, to the best of our knowledge, there is no report on whether SWCNT has a significant response to hydrogen sulphide (H 2 S).
It is speculated that there may be only weak non-covalent interaction between H 2 S and SWCNTs. An accurate description of such weak interactions requires high level quantum mechanics methods for electron correlation, like MP2 and even CCSD(T).
However, these methods are highly demanding in computer resources, and can be hardly applied directly to H 2 S-SWCNT system. As an alternative way to treat electron correlation, DFT is considerably less demanding on computational resources. Searching for a proper DFT theory to accurately describe weak interactions has been a challenge because of the difficulty to represent Pauli repulsion for such systems. The performance for the weak interaction systems has been significantly improved of the newly developed GGA exchange functionals such as PW91 [3, 4] and PBE [5] and their modifications (mPW1 [6] and PBE1 [7] ). Truhlar et al recently recommended several methods like PWB6K, PW6B95, MPW1B95 and MPWB1K for π hydrogen boned systems such as H 2 O-C 6 H 6 , NH 3 -C 6 H 6 systems [8] and for π···π stacking systems [9] . The accuracy of such DFT functionals to S-H•••π system will be investigated.
Using the scheme of increments, in the recent years CCSD(T) has been successfully applied to extended systems like solids and polymers. [10, 11] The method relies on localized orbitals or groups of localized orbitals generated in a Hartree-Fock reference calculation. The electron correlation method recently was applied to C 60 [12] , and shows a very promising method to accurately treat electron correlation for the extended systems such as nanotubes. Whether the method of increments could be properly applied to S-H•••π system will also be tested. Dykstra et al. measured rotational spectrum of the weakly bonded C 6 H 6 -H 2 S dimer, and consequently proposed that H 2 S almost locates on the C 6 axis of the C 6 H 6 ring with a distance of 3.818 Å between S and the center of mass (c.m.) of C 6 H 6 [13] . The angle between the C 6 axis and C 2v axis of H 2 S was determined to be 28.5º [13] . Sherrill et al has recently done the highest level calculations so far for the dimer, including a potential energy curve with CCSD(T)/aug-cc-pVDZ and ab initio limit for the C 2v symmetry complex [14] .
In the present work, conformations of H 2 S-benzene dimer are fully optimized with MP2 methods. In order to validate a relatively proper DFT for H 2 S-SWCNT system, a variety of DFT methods are then applied to H 2 S-C 6 H 6 dimers. Higher level electron correlation treatments, full electron correlation with CCSD(T) and the method of increment have also been done to calibrate DFT/MP2 results as well as to discuss the extension of the method of increment to the extended systems of S-H•••π interaction.
METHODS
The structures of the H 2 S-benzene dimer are firstly fully optimized with a variety of GGA and hybrid GGA types of DFT, as well as MP2 (FC) at different basis sets such as 6-311++G(d,p) and Dunning's aug-cc-pVXZ basis sets. The binding energy is defined as the energy difference between the dimer and two individuals. We correct the binding energies for basis set superposition error (BSSE) using the counterpoise approach.
Atomic net charges were calculated using the Mulliken, CHELPG, [15] and NPA schemes [16] . All of the calculations are performed using GAUSSIAN03 [17] .
To calibrate the DFT and MP2 levels, energy correlation is performed with CCSD(T) as implemented in MOLPRO [18] . The method of increments expands the correlation energy of an extended system in terms of localized orbitals or localized orbital groups numbered i, j, k. (10, 11) For the H 2 S-benzene dimer, the groups would be H 2 S molecule and the different kinds of σ and π-bonds in benzene molecule.
Since the correlation in the dimer and two entities are almost the same for the weakly bound system, the one-body term ε i has little influence on the binding. The important terms for the binding are the non-additive contributions to the correlation energy with the leading two-body increments ) (
. Therefore, after a Hartree-Fock calculation of the whole system and a localization of the occupied orbitals, e.g. with the
Foster-Boys procedure [19] , one can directly calculate the binding energy of the system.
An additional advantage of the incremental method is that one has not to consider the BSSE correction, because the energies of the separate systems may not be determined.
For the incremental and full CCSD(T) calculations the program package MOLPRO [18] was employed.
Results and Discussion

Binding energy and structures of the H 2 S-benzene dimer with MP2 method. Three
conformations of the H 2 S-benzene dimer were located at MP2 levels. As shown in Figure   1 , 1a has C 2v symmetry; while other two conformations (1b and 1c) have C s symmetry.
1a was characterized to be a second-order saddle point. Two imaginary frequencies, assigning to S-H swings in and out of H 2 S molecular plane for 1a at MP2/aug-cc-pVVDZ level are -92 and -76 cm -1 , while the six lowest frequencies are almost zero (<2cm -1 ).
Binding energies in Table 1 for 1a at MP2/aug-cc-pVXZ(X=D,T and Q) are rather similar to those reported by Sherrill et al. [14] Evidenced by all real frequencies for structures 1b and 1c at MP2/aug-cc-pVXZ(X=D and T), they could be considered as local minima.
Structure 1b agrees well with the experimentally identified dimer structure by rotational spectrum. [13] The reported geometric parameters SX (distance between S and the center of mass of C 6 H 6 ) and angle A ( the angle between C 6 axis of benzene and C 2v axis of H 2 S) are 3.818Å and 28.5º; the present results at MP2/aug-cc-pVDZ shown in Table 2 are 3.625Å and 27º.
At all MP2 levels, structures 1b and 1c have higher negative binding energies than 1a
by approximately 0.06-0.15kcal/mol, and 1c also displays slightly more stable than 1b by 0.02 (MP2/aug-cc-pVDZ) and 0.07 kcal/mol (MP2/aug-cc-pVTZ). The binding energy differences indicate that the potential energy surface of the dimer is quite shallow. The CHELPG charge analysis listed in Table 2 indicates that small amount of charge is transferred from benzene to H 2 S for both 1a and 1b. The charge carried by H 2 S is -0.037e
and -0.047e at MP2/aug-cc-pVDZ level for 1a and 1b, respectively; while the amount of charge is decreased with NPA analysis to -0.006e for 1b.
3.2
Results from density functional methods One of the current objectives is to identify a reasonable DFT method suited to describe S-H···π interaction for large systems.
Comparing DFT results in Table 1 with those of MP2 and CCSD(T), all of the DFT methods significantly underestimate the binding of H 2 S and benzene. However, they qualitatively predict the similar trend to that from MP2, especially C 2v symmetry structure 1a being a second-order saddle point rather than a local minimum and having less negative binding energy than structures 1b and 1c. Among the DFT methods, according to Figure 3 , the present binding energy for C 2v -symmetry structure (1a), -2.70
kcal/mol at aug-cc-pVTZ level, is negatively higher than that (-2.64 kcal/mol) obtained by Sherrill et al., (14) where rigid monomer geometries for H 2 S and C 6 H 6 were used. The current higher negative binding energy is probably due to the relaxation of monomers, which were taken into account at the PW91LYP level. Upon the formation of H 2 Sbenzene dimer, C-C bond lengths of benzene are only slightly stretched by approximately 0.001Å; however, as shown in Table 2 S-H bonds stretch by 0.001 Å in 1a and 0.003 Å in 1b, and HSH angle is compressed by as much as 1.0˚ Although PW91LYP and other DFT methods yield slightly higher negative binding energy for the C s symmetry structure than for C 2v structure (1a), the restricted CCSD and CCSD(T) levels with both basis sets provide the opposite results. To get the experimental results at the CC level a full geometry optimization therefore is necessary.
Application of the method of increments
Although it is not necessary for such small dimers to apply the method of increments, because a full CCSD(T) treatment is feasible, it is a good example to validate the method of increments for S-H•••π interaction system.
For the C 2v -symmetry structure, we have localized the occupied Hartree-Fock orbitals of the systems at aug-cc-pVDZ level and selected the orbitals of the H 2 S as one group, the 3 orbitals of the π system of the benzene as another group and the sigma-bonds of the benzene as third group. As shown in Figure 4 , the two-body increment between the molecule and the π system of the benzene is rather comparable to the overall binding energy, and this contribution yields 99% of the binding. Moreover, the optimized distances from S to the mass center of the benzene with the two-body increment and full CCSD(T) treatment are almost identical (3.88Å). This result encourages us to apply the method of increments to more extended systems like H 2 S-Carbon Nanotube systems.
Conclusions
H 2 S-benzene dimer was investigated with a variety of DFT and wave-function based quantum mechanics methods such as MP2, CCSD(T) and the method of increments. In line with experimental findings in the rotational spectrum, MP2 and PW91LYP predicted that a C s -symmetry structure (an angle of approximately 30º between C 2v axis of H 2 S and C 6 axis of C 6 H 6 ) is a stable dimer, yet the previously reported C 2v -symmetry structure is a second-order saddle point instead of a minimum. Table 2 . Leading structure parameters (S-X/Å: distance from S to the center of mass of C 6 H 6 ; S-H-C/˚: angle between donated S-H and the nearest C of C 6 H 6 ; A/˚: the angle between C 2v axis of H 2 S and C 6 axis of C 6 H 6 ), dipole moments (D/Debye) for the dimers, net atomic charges (q/e) carried by H 2 S, and characteristic frequencies (ν/cm . The potential energy curves of H 2 S-C 6 H 6 C 2 v-symmetry dimer (1a) predicted by a full CC calculation and the method of increments, both with a basis set of aug-ccpVDZ (avdz).
